A vehicle steering by wire (SBW) haptic system based on high gain generalized proportional integral (GPI) observers is introduced. The observers are considered for the estimation of dynamic perturbations that are present at the tire and steering wheel. To ensure efficient tracking between the commanded steering wheel angle and the tire orientation angle, the estimated perturbations are on line canceled. As to provide a haptic interface with the driver, the estimated dynamic effects at the steering rack are fed back to the steering wheel, yielding a master-slave haptic system with bilateral communication. For implementation purposes few sensors and minimum knowledge of the dynamic model are required, which is a major advantage compared to other approaches. Only position tracking errors are fed back, while all other signals are estimated by the high gain GPI observers. The scheme is robust to uncertainty on the input gain and cancels dynamic perturbation effects such as friction and aligning forces on the tire. Experimental results are presented on a prototype platform.
Introduction
Automobile dynamics, safety, and comfort are taking a major role in vehicle design [1] . The steering system, or rather the interface between the driver and the vehicle, is becoming an important part of automobile design tasks [2] [3] [4] . The basic design of the automobile steering system has changed little since the steering wheel invention. The driver commanded direction is transmitted by a column or steering shaft, including universal joints and gearboxes, to the front tires. Assisted steering systems were introduced in 1950, with the hydraulic power steering system. Since then, the assistance unit has become standard in modern vehicles. The steering system complements the effort required by the driver to steer the vehicle, by using hydraulic pressure. Meanwhile, electrical assisted steering systems have been introduced recently, which eliminate the requirement of a hydraulic pump or diminish the required effort provided by the hydraulic power, yielding electrohydraulic or electrical assistance to the steering rack [5, 6] .
The steering systems can be classified into three main groups: mechanical steering systems [7] , hydraulic power and electrohydraulic power systems, and electric power assisted systems (EPAS) [8] [9] [10] . Among the EPAS, there is a new technology called steering by wire (SBW), whose main characteristic is to completely do away with as many mechanical components (steering shaft, column, gear reduction mechanism, etc.) as possible [11] ; see Figure 1 .
In general SBW systems exhibit several advantages, such as the following.
(1) The absence of steering column simplifies the car interior design.
(2) The absence of steering shaft, column and gear reduction mechanism, allows much better space utilization in the engine compartment.
(3) The steering mechanism can be designed and installed as a modular unit. (4) Without mechanical connection between the steering wheel and the road wheel, it is less likely that the impact of a frontal crash will force the steering wheel to invade into the driver's survival space. (5) SBW system characteristics can easily be adjusted to optimize the steering response and driving feeling [12, 13] .
Therefore, SBW systems allow better structures for crash energy absorption [14] and present benefits related to passengers' comfort and driver feeling.
While substituting conventional steering systems by SBW, there is a major issue related to what the driver feels through the steering wheel. The forces, torques, and driving conditions transmitted by the steering wheel to the driver are important for a proper and safe vehicle driving. Therefore, the SBW must provide the driver the opportunity to "feel" what the road driving conditions are, just as the steering column does. As a consequence, the SBW mechanism must also behave as a haptic device [13, 14] .
Several dynamic models related to haptic SBW systems are presented in the literature; see [13] [14] [15] [16] . In these models, uncertain and perturbation terms appear which affect the dynamics and the behavior of the SBW. Phenomena such as friction, damping, inertia, and aligning forces, among others, are considered in the dynamic model. The influence of those uncertain and perturbation terms is rather important to guarantee a good performance of the SBW and to provide a reliable feedback of the road and driving conditions to the driver. Dynamic phenomena effects on the SBW are difficult to be known with certainty due to the changing conditions on the road and the driving, for example, speed, roadway texture, tire wear, tire air pressure, and rain. For the purpose of estimating the effects of such unknown perturbations, the use of observers has been proposed [11, 17] . The implementation of such observers often requires the use of specialized sensors, such as GPS and INS, measurement of lateral acceleration [12] , and current and torque motors measurements [15] . Furthermore, most of the proposed observers highly rely on complicated dynamic models of the phenomena that are present in the steering system. Besides uncertainty on the dynamics phenomena, there exists also the problem of model changes in accordance with the driving conditions and the wide variety of vehicle models [1, 16] .
All that was previously described makes it difficult to determine a precise mathematical model and a control strategy for the SBW system. As a solution, model-free observers might be considered for estimating unmodeled dynamics and perturbations effects on SBW systems.
In this work a vehicle SBW system is proposed based on high gain generalized proportional integral (GPI) observers. The use of extended and high gain observers is rather common in active disturbance rejection control (ADRC), [18, 19] , and some applications of such approach can be revised in [20] [21] [22] .
In the proposed approach high gain GPI observer helps in determining the effects of uncertain dynamics phenomena and additive perturbations on the steering rack and tire, such as continuous and discontinuous friction, aligning forces, inertia effects, and damping. The purpose of the high gain GPI observer is twofold: firstly to help a PD controller to actively reject dynamic perturbations and secondly to provide the forces and torques that are fed back to the driver through the steering wheel, therefore closing a haptic loop. The proposed approach is only based on angle position feedback; therefore, it can be implemented with common low cost encoder sensors as in the experimental platform here considered.
The proposed SBW system behaves as a self-contained sensor for tire forces, since such forces directly influence vehicle dynamics. Although all uncertainties and dynamic perturbations are lumped into an estimated linear term, the approach shows good performance and a proper estimation of the combined dynamic effects that are present at the SBW system. Experimental results on a real platform show good agreement with the theoretical results, that allows concluding convergence of the tracking and estimation errors to a small vicinity around zero.
SBW Dynamic Model
When considering a vehicle dynamics there are several involved phenomena, such as lateral and longitudinal forces, Mathematical Problems in Engineering 3 tire-road friction [16, 23] . A common approach on vehicle modeling dynamics is the so-called bicycle model [12, 16, 24] , which considers the chassis. However for the purpose of this paper and taking into account that the experimental platform only considers one tire (half of the steering rack), only the steering system dynamics is to be taken into account.
As result of the SBW design of the experimental platform, the steering wheel system depicted in Figure 3 and the steering rack system in Figure 5 are very similar. Thus, based on their similarities, the dynamic model of the steering rack subsystem is obtained alike that of the steering wheel. But, at the steering rack system the tire-road dynamic phenomena are included, such as tire-road interaction and aligning forces.
For modeling, control, and implementation purposes the SBW system might be viewed as a master-slave system with bilateral communication. In such approach, the steering wheel acts as a master subsystem, capturing the driver commanded steering angle, and the steering rack is seen as a slave subsystem that has to track the operator commanded steer angle. The bilateral communication implies that the steering wheel sends the commanded angle to the steering rack, while from the steering rack, dynamic effects are estimated and sent to the steering wheel subsystem. Furthermore each subsystem is provided with a PD controller with active disturbance rejection and high gain GPI observers. The overall system thus conforms a bilateral control scheme as in [24] .
Steering Wheel Subsystem.
The dynamics of the steering wheel ( Figure 2 ) or master system are affected by physical phenomena that are presented in its three fundamental components: the wheel, the reduction gearbox, and the DC motor ( Figure 3) . In particular the DC motor is in charge of reflecting to the driver the forces that are estimated by the high gain GPI observer from the dynamical phenomena presented on the steering rack and tire (slave subsystem). Uncertain dynamic effects and perturbation on the wheel subsystem are estimated by another high gain GPI observer and canceled through a PD controller with disturbance rejection. Dynamic effects on the steering wheel include discontinuous Coulomb friction; other works such as [12, 24] considered that Coulomb friction phenomena affect only the steering rack and tire subsystem. However the use of a reduction gearbox induces discontinuous friction phenomena, even dead zones may occur depending on the reduction gear. Figure 3 shows an equivalent mechanical-electrical diagram of the steering wheel subsystem. It is shown how the dynamics of its three components are interconnected. For the electrical part the relevant parameters are V the input voltage, V armature inductance, V armature resistance, V armature current, current through the winding field, V electromotive force, and 2 electromotive force constant gain. Meanwhile, the mechanical relevant parameters are V output angle of the motor, 1 inertia moment at the reduction input, 1 damping coefficient at the reduction input, 1 Coulomb friction coefficient at the reduction input, 1 motor torque constant gain, V motor torque, V Coulomb friction coefficient at gearbox, V damping coefficient at gearbox, 2 inertia moment at the reduction output, 2 damping coefficient at the reduction output, 2 Coulomb friction coefficient at the reduction output, V torque at the reduction output, V wheel Coulomb friction coefficient, V wheel damping coefficient, V wheel inertia moment, V = V1 / V2 gearbox reduction ratio, V1 the number of teeth on the input gear, V2 the number of teeth on the output gear, and V wheel angular position.
For the electrical part of the steering wheel system, the dynamic relation between the torque at the reduction output V and the input voltage V is given by
Meanwhile, taking into account the reduction gearbox, the dynamic relation between V and the wheel angular position V is represented by
where the equivalent coefficients of the reduction gearbox are given by
Finally, taking into account (1) and (2) and the dynamic effects of the steering wheel, it is obtained that the dynamic model of the steering wheel subsystem is given by (4), with V = V + V being the equivalent inertia of the steering wheel system:
Mathematical Problems in Engineering Figure 4 shows the steering rack and tire subsystem (slave subsystem), while a schematic diagram is presented in Figure 5 , where the main components (tire, reduction gearbox, and DC motor) are represented by its electrical and mechanical counterparts. Notice the similarities between the steering wheel subsystem depicted in Figure 3 and the steering rack subsystem in Figure 5 . Thus, based on their similarities, the dynamic model of the steering rack subsystem is obtained alike that of the steering wheel. However, because the tire-road interaction, there are dynamic effects such as friction and aligning forces that must to be considered [16, 17] . Also longitudinal forces affect the tire dynamics, but at this point, such forces are disregarded and would be further included when vehicle chassis is to be considered. From Figure 5 and by taking into account the electrical and mechanical parameters, the dynamic model of the steering rack and tire subsystem is obtained as given by (5) . The aligning forces at the tire, also referred to as self-aligning forces in the literature, are represented by SAT . Meanwhile, the relevant electrical parameters in model (5) are the input voltage, armature inductance, armature resistance, armature current, current through the winding field, electromotive force, and 2 electromotive force constant gain. For the mechanical part, the parameters are output angle of the motor, inertia moment at the reduction input, damping coefficient at the reduction input, Coulomb friction coefficient at the reduction input, 1 motor torque constant gain, Coulomb friction coefficient at gearbox, damping coefficient at gearbox, motor torque, inertia moment at the reduction output, damping coefficient at the reduction output, Coulomb friction coefficient at the reduction output, rack torque, rack Coulomb friction coefficient, rack damping coefficient, rack inertia moment, = 1 / 2 gearbox reduction ratio, 1 the number of teeth on the input gear, 2 the number of teeth on the output gear, rack angular position (tire angular position), and = + the equivalent inertia of the steering rack subsystem:
Steering Rack Subsystem and Tire Dynamics.
The equivalent coefficients of the rack reduction gearbox are given by
2.2.1. Aligning Force at Tire. The aligning torque SAT occurs because of the existence of caster and kingpin angles in the steering mechanical structure; this torque induces steering pull. Both linear and nonlinear models for lateral aligning forces have been proposed, mainly based on cornering stiffness, the slip angle, and the so-called bicycle model of a front steering vehicle [16, 24] . While a vehicle is turning, tire forces acting on the steering system tend to resist steering motion away from the straight-ahead position. These forces are due to self-aligning torque, that is a function of the steering geometry, particularly caster angle, tire deformation, and vehicle linear velocity. Since the considered experimental platform is only composed by half of the steering rack (see Figure 8 ), then only one tire is taken into account.
The aligning torque at the front left wheel is modeled as presented in [23] . Figure 6 depicts the forces and variables related to aligning tire torque. The subindex indicates that front left tire is considered, while the superindices and reflect the axes on which forces act. and are driving and lateral forces, respectively.
is generated by sidesliping of the tire.
stands for cornering force. is the front left tire lateral force, is the front tire slip angle, is the pneumatic trail, that is, the distance from the center of tire to the application of lateral force, is the caster or mechanical trail, that is, the distance from the tire center to the point on the ground about which the tire pivots as a result of the wheel caster angle, and is the velocity of the tire at its center. Then the self-aligning torque is given by SAT = ( + ) ( ) .
According to [23] , in the linear region of tire characteristics, the front left tire cornering force depends on cornering stiffness and the slipping angle ; that is,
Then from Figure 6 , the relation between and is given by
Note that the tire slip angle is not easy to be measured; thus it must be estimated. In [12] , it is mentioned that on production cars' sideslip angle is typically derived from integration of inertial sensors (lateral acceleration), but this estimation error is prone to uncertainty and errors due to sensor drift. Furthermore, and are only approximately known; however, in order to obtain a linear model, and are assumed to be constant and known. Same consideration applies to the front cornering stiffness .
Remark 1.
Notice that the dynamic models here represented by (4) and (5) are not used for the design of the PD controller and the high gain GPI observers. The only parameter that is required for the high gain GPI observer is the input gain. Nevertheless, the dynamic models are introduced to show the dynamic phenomena that affect the SBW system.
PD plus High Gain GPI Observer
The design of the controller and observer for both the steering wheel and the steering rack is very similar, but for the sake of clarity, each controller and observer would be presented separately.
Steering Wheel Controller and Observer.
Based on the dynamic model of the steering wheel or master subsystem (4), the nonlinear terms, including perturbations and unmodeled dynamics, are substituted by a time-variant disturbance term ( ). Lumping all uncertainties and unknown dynamics on the time-varying term ( ) might be considered as a rough approximation; nevertheless under certain conditions on boundedness and smoothness such approximation results are valid (see the appendix and [20, 21] ). In state space dynamics representation, 1 = V and 2 =̇V; the model (4) is represented as a linear perturbed system depicted iṅ
where ( ) is by assumption a uniformly, absolutely, bounded, time-varying function, that represents all nonlinear and 7 uncertain terms, that is, all disturbances affecting the linear simplified model (see (11) ):
Note that the equality established by (11) is enforced by the proposed model (4); if other dynamic effects or perturbations are to be considered, these phenomena would be included in the term ( ) as well, such that the approximated linear model (10) remains valid in local basis. The relation (11) is presented for the sake of completeness, since the term ( ) is estimated by a high gain GPI observer.
Based on the state space representation (10), a high gain GPI observer is proposed for the linear perturbed system, given by (12) . The number of integrators required at the high gain GPI observer depends on the order and complexity of the nonlinearities represented by the term ( ). This is equivalent to truncating a Taylor or Fourier series expansion, but in this case perfect approximation would imply an infinite integrators chain. Proper determination of the order of the extended observer would imply knowledge of the nonlinearities of the term ( ) as shown in [25] . The order of the observer and the relation between the high gain and the final estimation bound have been analyzed for some particular systems and under certain considerations [18, 19, 25] . Despite the difficulties in determining the order of the extended observer from a theoretical point of view, for some practical situations they can be adjusted by looking after an approximated model and measurements on the systems. In this particular case the number of integrators was adjusted by trial and error based on the value of the estimation error̃V = 1 −̂1 of a set of experiments. The term̂1 corresponds to an estimate of the disturbance term ( ). Notice that the high gain GPI observer (12) only requires measurement of the steering wheel angle 1 = V minimizing the amount of sensors on the system:
The estimation error of the high gain GPI observer, V , satisfies the perturbed dynamics given by (13) , which corresponds to a nonhomogeneous linear dynamic system, with input given by the sixth time derivative of . Similar convergence analyses are done in [18, 19, 25] , where there are also considerations on boundedness and smoothness of the perturbations and uncertainties, as those imposed here on the term :
Since is by assumption a uniformly, absolutely, bounded, and time-varying function, then, to achieve convergence of the error dynamics to a small vicinity around the origin of the estimation error phase coordinates, the gains V , = 0, 1, 2, . . . , 7 are chosen such that the roots of the associated characteristic polynomial are located far enough into the left half of the complex plane, that usually implies high gain values. From the results reported on ADRC, see [18, 19] , it follows that closed loop stability properties can be established by considering slow and fast dynamics, usually of the control and the observer, respectively. This is, the observer dynamics should be faster than those of the controller, and for that a pole location problem can be considered based on (13) . Among all possibilities to select the gains V , = 0, 1, 2, . . . , 7, a simple selection of the gains is done by assigning the associated characteristic polynomial to a suitable polynomial with known adequate roots. Since the order of the high gain observer error dynamics (13) is an even number, then a power of a second-order polynomial might be considered, as shown in (14), with obs,V and (obs,V) being coefficients related to damping and natural frequency, respectively:
Given that the observer (12) explicitly estimates the perturbation term ( ), then it is possible to propose a PD control with disturbance rejection (15) .̇ * V ( ) and̈ * V ( ) are the desired angular velocity and acceleration on the steering wheel, which might be obtained from the corresponding time derivatives of the angular position imposed by the driver * V ( ), although this might raise problems due to noise:
Notice that in (15) ,̂2 corresponds to the estimate of the steering wheel angular velocitẏV( ), and̂1 is the estimated disturbance term acting on the steering wheel subsystem ( ), so that both estimates are simultaneously obtained by the high gain GPI observer (12) . Meanwhile, the term̂1 corresponds to the estimate of the disturbance signal on the steering rack subsystem and it is also obtained by a high gain GPI observer designed for such particular system (19) .
By defining the tracking error at the steering wheel subsystem as V = V − * V , then the closed loop dynamics formed 8 Mathematical Problems in Engineering by (10) with the controller (15) and the high gain observer (12) are given by the nonhomogeneous linear equation (16) . Once more following the results from [18, 19] , selection of the control gains should imply that the observer error dynamics (13) must be faster than the controller dynamics:
The closed loop tracking error dynamics (16) are excited by three terms, from which the terms ( −̂1) anḋV correspond to estimation errors of the high gain GPI observer (12) , but as shown before, by a proper selection of the GPI observer gains, these errors might be arbitrarily small around a vicinity of zero. The term − ℎ̂1 , on the other hand, cannot be neglected, since it recreates the feedback reflection from the tire system to the wheel system. This feedback force reflection is recreated by inducing a tracking error between the driver commanded angular position and the wheel angular position settled by the wheel DC motor. This fact establishes a commitment between reflecting forces from the tire system and forcing the tracking error V to zero. Asymptotic convergence of the tracking error V to a small vicinity around zero can be obtained by a proper selection of the gains ,V and ( ,V) . The feedback reflection of the estimated disturbance term 1 from the steering rack subsystem to the steering wheel subsystem yields the haptic loop in the form of a feedback signal proportional to the lumped perturbation torques present at the rack system. This recreates, to the driver, the forces and dynamical effects of torques affecting the steering rack and tire mechanism. The gain ℎ weighs the amount of haptic feedback to the driver and can be related to driving sensation and feeling of the road conditions. Remark 2. Note that in this proposed approach the driver "feels" proportional forces and disturbances present at the steering rack and tire, with proportional gain ℎ , which is the simplest feedback situation. In works such as [12] , active modification of the handling and steering system are proposed based on composed functions or adaptive gains. Such active feedback adjustment is common in vehicles where different stiffness is felt at low and high vehicle speed, as well as a modification of the steering angle ratio between steering wheel and tire is induced. Such modifications can be introduced through the proposed controller (15) by defining a feedback function of the estimated variablê1. From Figures 2,  3 , 4, and 5, it is straightforward to find out the similarities between the steering wheel subsystem and the rack and tire subsystem. Due to the similarities between both subsystems, also a high gain observer and PD controller with disturbance rejection similar to (12) and (15) are proposed for the steering rack and tire subsystem. Thus, based on the dynamic model of the steering rack subsystem (5), the nonlinear terms and uncertain dynamics are substituted by a time-variant disturbance term ( ). Then, the state space dynamic model (5) is represented as in (17), with states 1 = and 2 =̇:
Steering Rack Controller and Observer.
with
For the steering rack and tire subsystem, the equality established by (18) is enforced by the proposed model (5), if other dynamic effects or perturbations are to be considered, these phenomena would be included in the term ( ) as well, such that the approximated linear model (17) remains valid in local basis. The term ( ) would be estimated by a high gain GPI observer (19) , its estimate is denoted by the variablê1:
The observer estimation error̃= 1 −̂1 satisfies the dynamics given bỹ
The convergence properties of the estimation error at the steering rack̃to a small vicinity of the origin can be established in a similar manner as for the steering wheel subsystem. This is assigning the associated characteristic polynomial to a suitable polynomial with known adequate roots, as in (14), ensuring faster observer dynamics than the controller dynamics.
Based on the estimated angular velocity of the steering rack subsystem̂2 along with the perturbation estimatê1, an active disturbance rejection control is synthesized in the form of a PD controller with a perturbation term rejection. This controller is proposed in (21) . Notice that the reference trajectory for the PD steering rack controller corresponds to the steering wheel angle V ( ) and the angular velocity and acceleration estimateŝ2 anḋ2, which are obtained by the high gain GPI observer (12) . Therefore, the closed loop system can be seen as a master-slave system with a haptic loop and bilateral communication. The haptic loop is due to feedback reflecting the estimate of the steering rack perturbation term 1 to the steering wheel PD control, given by (15) . Thus, through the steering wheel the human operator is able to feel the dynamic phenomena that affect the steering rack and tire:
By defining the tracking error at the steering rack and tire subsystem as = − V , then the closed loop dynamics formed by (17) with the controller (21) and the high gain observer (19) are given by the nonhomogeneous linear equation̈+
The closed loop tracking error dynamics (22) are excited by estimation errors of the high gain GPI observers (12) and (19); nevertheless, by a proper selection of the GPI observer gains, these errors might be arbitrarily small around a vicinity of zero. Thus asymptotic convergence of the tracking error to a small vicinity around zero can be obtained by a proper selection of the gains , and ( , ) . Notice that the full control system given by the controllers (15) and (21) together with the high gain GPI observers (12) and (19) only require measurement of the steering wheel angle V and the tire orientation angle . It is also important to point out that the proposed approach is based on the input gain of the systems; thus minimum knowledge of the dynamic models is required. Figure 7 shows a schematic representation of the proposed SBW system and the interconnections between the steering wheel and steering rack and tire subsystem. 
Experimental Results
For experimental purposes, a low cost platform has been built (see Figure 8) . The platform is provided with a steering wheel, and half of the steering rack of a beetle VW vehicle, including suspension system and tire. This type of steering system is still available in economic commercial cars. The steering column was modified as shown in Figures 2 and 4 , including 2 DC motors and encoders. The communication and control are programmed in a PC with Windows as operative system.
The whole control approach of the SBW haptic system, PD, and high gain GPI observer (12) and (15) for the steering wheel and (19) and (21) for the steering rack are programmed using general blocks of Simulink available in MATLAB. The electronics and mechanical components of the experimental platform are listed as follows. The angular positions on the steering wheel and on the rack are measured by incremental encoders OMRON, model E6B2-CWZ1X, 2000PPR, 0.5 M. The PC is equipped with a data acquisition card Sensoray model 626, which is programmed to work with a sampling period of 0.0005 seconds. Two operational amplifiers, model STK4050 II, are used to condition the control voltages V ( ) and ( ) that are sent to the DC motors Nisca Motor model NC5475B. Each motor is connected to a gearbox, such that for the steering wheel a reduction ratio of V = 16 is obtained, and for the steering rack the reduction ratio is = 48. Figure 9 shows a schematic connection of the SBW haptic system. Following the results from [18, 19] , selection of the control and observer gains should imply that the observer error dynamics must be faster than the controller dynamics. All gains were tuned by using (14) , by considering pure real roots and taking into account the performance of the tracking errors V and . For the master subsystem the control gains involved in (15) are ,V = 1.01, ( ,V) = 5.92, and for its GPI observer (12) obs,V = 2.2, (obs,V) = 15.2 meanwhile, for the steering rack (slave subsystem) the control gains, see (21) , they are , = 2.53, ( , ) = 5.92, and for the GPI observer (19) the gains are obs, = 10, (obs, ) = 25.
Two cases are compared: first the SBW is tested without traction, and second tire traction at a speed of 9.4 m/s (33.84 km/hr) is supplied. This comparison is to look after how tire velocity affects the aligning forces and thus the reaction forces presented at tire and steering rack subsystem. The same platform as sketched in Figure 9 is used for both cases, with and without tire traction; only the motor in charge of traction is turned on or off; this emulates steering the vehicle when being parked and in motion. It is also important to emphasize that the controller and observers are the same in both cases; that is, nothing is changed in their structure. This fact implies a realistic and robust application of the proposed approach in a vehicle, such that the same controller and observers work for all possible vehicle scenarios. The control gains that are used in both cases are those described at previous paragraph, which were tuned for the case without tire traction. For the sake of comparison first the results without traction are presented; then the results with traction are shown.
SBW System without Tire
Traction. This case emulates steering the vehicle when being parked, such that greater effort is required to steer the tire than when being in motion. In some commercial vehicles, a larger steering ratio, between steering wheel and tire, is set when the vehicle moves at low speed or is standstill. This produces a less stiff or softer steering wheel sensation. In this experiment and for comparison purposes the same steering ratio and feedback gain for the haptic loop ( ℎ ) are kept for traction and without traction cases.
The convergence between the steering rack angle (tire angle orientation) and the human desired angular position given by the desired steering wheel angle * V allows concluding good tracking and performance of the SBW system; see Figure 10 . This is further supported by the tracking error = − * V that converges to a small vicinity around zero; see Figure 11 . Thus, it can be concluded that the high gain GPI observer (19) properly estimates the disturbance signal at the steering rack and tirê1( ); see Figure 12 . Therefore the PD plus disturbance compensation (21) is able to reject the perturbation signal effects. On the other hand, feedback of the dynamic perturbation phenomenâ1( ) from the steering rack to the steering wheel generates a haptic loop such that the operator "feels" the dynamic perturbations that affect the steering rack and tire. The DC motor voltage on the steering rack subsystem ( ) required to properly track the rack angular reference is shown in Figure 13 .
SBW System with Tire
Traction. This case emulates steering the vehicle when being in motion, such that less effort is required to steer the tire than when being parked. In some commercial vehicles a smaller steering ratio, between steering wheel and tire, is set as higher the vehicle speed, as well as a stiffer steering wheel feeling, this is the so called "sport" mode. Although such adaptive response of the SBW can be considered in the proposed controller (15) , in this experiment and for comparison purposes the same steering ratio and feedback gain for the haptic loop ( ℎ ) are kept for traction and without traction cases.
When tire traction is considered (9.4 m/s), convergence between the steering rack angle and the human desired angular position * V allows concluding good tracking and performance of the SBW system; see Figure 14 . This is further supported by the tracking error = − * V that converges to a small vicinity around zero; see Figure 15 . Thus, the high gain GPI observer (19) properly estimates the perturbation signal at the steering rack and tirê1( ); see Figure 16 . Thus, the PD plus disturbance compensation (21) is able to reject the perturbation signal effects. On the other hand, feedback of the disturbance phenomenâ1( ) from the steering rack to the steering wheel generates a haptic loop such that the operator "feels" the dynamic perturbation that affect the steering rack and tire. The DC motor voltage on the steering rack subsystem ( ) required to properly track the rack angular reference is shown in Figure 17 .
Comparison Results and Discussion.
It is important to point out that the commanded steering wheel reference was provided by a human operator steering the wheel. Therefore, although the same desired trajectory was intended, there are differences on such reference; see Figures 10 and 14 . Nevertheless, some conclusions can be drawn from the comparison study.
In both cases, with and without tire traction, the performance of the SBW is rather acceptable; that is, the tracking error = − * V converges to a small vicinity around zero, as predicted by the closed loop error dynamics (22) ; that is, → V → * V ; see Figures 11 and 15. It is important to note that the control and observer gains were tuned for the without tire traction case; nevertheless, the magnitude and performance of the tracking error = − * V is very similar for both cases. Therefore, it can be concluded that uncertainty and dynamic perturbations are properly estimated and compensated by the high gain GPI observers in both cases, with and without traction.
Even though similar tracking error convergence = − * V is obtained for both cases, there are relevant differences on magnitude and shape of the estimated perturbation term 1 ( ) (Figures 12 and 16 ), as well as for the control action ( ) (Figures 13 and 17 ). These differences are due to the effects of tire traction, particularly, aligning torques and road-tire friction. The estimated perturbation signalŝ1( ) show that for the case with traction, the perturbation torque is smaller in magnitude that for the without tire traction. This fact translates in the driver feeling less effort to steer the wheel when there is traction, than without traction. This "feeling" is common when driving a vehicle at high speed, when less effort is required to steer, compared to the steering effort when the vehicle speed is very low or even being parked.
Notice that some commercial vehicles actively adapt the steering ratio, between steering wheel and tire, and stiffness steering wheel feeling, as function of the vehicle speed, for example, the parking and sport mode. Although such adaptive response of the SBW can be considered in the proposed controller (15) , in the comparison study here carried out the same steering ratio and feedback gain for the haptic loop ( ℎ ) are kept for traction and without traction cases. Adaptive behavior of the proposed SBW haptic system can be considered by modifying the feedback of the disturbance and dynamic effects of the steering rack and tire.
Conclusions and Perspectives
This paper has presented a haptic steering by wire system based on high gain GPI observers. The high gain GPI technique requires a minimum amount of information from the dynamic model; only the nonlinear system input gain is required; as for sensors only encoders are employed, which is an advantage compared to other techniques of SBW systems that required specialized sensors. The tracking error between the desired angle settled by the human operator, the steering wheel angle, and the tire orientation angle can be made arbitrarily small by a proper gain selection.
The technique is capable of estimating the perturbation inputs and the uncertain terms that affect the SBW dynamics. In particular, the SBW system represents a twofold application of the GPI observer: on the one hand it helps in rejection or compensating the perturbation in each subsystem; on the other hand the estimated perturbations on the steering rack are fed back to the steering wheel to yield a haptic system, including tire self-aligning torque.
It is worth to notice that the high gain GPI observer together with the PD control relies only on measurements of an encoder, thus highly diminishing the use of sensors. Then the proposed SBW system behaves as a self-contained sensor for steering rack and tire forces. To validate this last conclusion, as future work, the installation of force, acce leration, and other sensors are being considered. This will allow establishing clear comparisons between the estimated perturbation and measurements on the experimental platform.
